The acute toxicity of cadmium, copper, and zinc to white sturgeon (Acipenser transmontanus) and rainbow trout (Oncorhynchus mykiss) were determined for 7 developmental life stages in flow-through water-only exposures. Metal toxicity varied by species and by life stage. Rainbow trout were more sensitive to cadmium than white sturgeon across all life stages, with median effect concentrations (hardness-normalized EC50s) ranging from 1.47 mg Cd/L to 2.62 mg Cd/L with sensitivity remaining consistent during later stages of development. Rainbow trout at 46 d posthatch (dph) ranked at the 2nd percentile of a compiled database for Cd species sensitivity distribution with an EC50 of 1.46 mg Cd/L and 72 dph sturgeon ranked at the 19th percentile (EC50 of 3.02 mg Cd/L). White sturgeon were more sensitive to copper than rainbow trout in 5 of the 7 life stages tested with biotic ligand model (BLM)-normalized EC50s ranging from 1.51 mg Cu/L to 21.9 mg Cu/L. In turn, rainbow trout at 74 dph and 95 dph were more sensitive to copper than white sturgeon at 72 dph and 89 dph, indicating sturgeon become more tolerant in older life stages, whereas older trout become more sensitive to copper exposure. White sturgeon at 2 dph, 16 dph, and 30 dph ranked in the lower percentiles of a compiled database for copper species sensitivity distribution, ranking at the 3rd (2 dph), 5th (16 dph), and 10th (30 dph) percentiles. White sturgeon were more sensitive to zinc than rainbow trout for 1 out of 7 life stages tested (2 dph with an biotic ligand model-normalized EC50 of 209 mg Zn/L) and ranked in the 1st percentile of a compiled database for zinc species sensitivity distribution.
INTRODUCTION
White sturgeon (Acipenser transmontanus) in the transboundary reach of the Upper Columbia River (WA, USA) have experienced poor recruitment. Recruitment of white sturgeon in the Columbia River essentially has been nonexistent since the early 1980s [1] . The Columbia River population of white sturgeon from the Grand Coulee Dam area upriver to Revelstoke, Canada is estimated to be approximately 1400 adults with a predicted population decline of 50% within the next 10 yr; white sturgeon are predicted to become functionally extinct within the next 40 yr as a result of sustained recruitment failure, senescence, and death of the adult population [2] . Because embryos and early life stage larvae rarely are seen in the river, and older juveniles (9-10 mo old) that are released from hatcheries survive well and have good body condition factors, the recruitment failures may reflect sensitivity of 1 or more early life stages of white sturgeon to contaminants [3] .
White sturgeon declines have been attributed to various factors such as habitat degradation, water quality impairment, genetic bottlenecks, and predation by introduced species [4] [5] [6] [7] [8] . Additionally, historic and contemporary metal mining and smelting activities have resulted in the release of metals into the Upper Columbia River, leading to concerns that metal toxicity might also be a factor that could affect white sturgeon recovery [2] . Contaminants accumulating at the sediment-water interface could potentially render them bioavailable for absorption, ingestion, and aqueous exposure [9] . Because white sturgeon enter a negative phototaxis phase and begin hiding within the substrate around 5 d to 7 d after hatching [9, 10] , vulnerability to contaminant exposure increases while larval sturgeon are inhabiting the sediment-water interface. Limited toxicity data suggest that early life stages of white sturgeon are sensitive to copper [11] [12] [13] . There is limited information available to define acute or chronic toxicity thresholds for white sturgeon for metals such as cadmium, copper, and zinc (H. Botcher, US Environmental Protection Agency, Seattle, WA, written communication) and data on other sturgeon species vary considerably in their sensitivity [14] .
Recent studies evaluating the effects of cadmium, copper, and zinc to white sturgeon have shown that copper was more toxic to early life stage sturgeon compared with other aquatic species [11] [12] [13] . The first objective of the present study was to determine the relative acute sensitivity of white sturgeon and rainbow trout (Oncorhynchus mykiss) at various stages of development to cadmium, copper, and zinc in aqueous exposures and identify the most sensitive age group for each species. A second objective was to determine if rainbow trout would be an effective surrogate species for white sturgeon based on their sensitivity to metals. The toxicity data generated from the present study were used to evaluate the level of protection of US Environmental Protection Agency (USEPA) acute waterquality criteria (AWQC) or Washington State water-quality standards (WQS) for cadmium, copper, or zinc to early life stage white sturgeon inhabiting the Upper Columbia River.
A companion study evaluated the chronic toxicity of cadmium, copper, zinc, or lead to early life stages of white sturgeon in water-only exposures and also tested rainbow trout under similar test conditions to determine the relative sensitivity between the 2 species [15] . A report by Ingersoll and Mebane [16] provides additional supporting information regarding test methods and toxicity and chemistry data for both studies. Results of the present study will be used as part of a baseline ecological risk assessment being conducted at the Upper Columbia River in eastern Washington State.
MATERIALS AND METHODS

Culture of test organisms
White sturgeon were obtained from the Washington Department of Fish and Wildlife Program (Sherman Creek Hatchery, Kettle Falls, WA). Newly fertilized eggs were received at the US Geological Survey, Columbia Environmental Research Center (CERC; MO, USA) on 1 July 2010, approximately 36 h after fertilization took place. The embryos were products of 3 adult male and 3 adult female crosses, for a total of 9 combinations. In total, approximately 31 000 embryos were sampled impartially from all 9 combination crosses. The embryos were shipped overnight in plastic bags packed in coolers chilled to 10 8C using ice packs. On arrival at CERC, sturgeon embryos were maintained at 10 8C in their shipping bags until the water in the culture holding tank was chilled to 10 8C using in-line chiller units (Aquatic EcoSystems), and the embryos were then placed in 6-liter MacDonald hatching jars (Aquatic EcoSystems) with flowing well water diluted with deionized water to a hardness of approximately 100 mg/L as calcium carbonate (CaCO 3 ) . The temperature was adjusted on the chiller units and was increased 1 8C/d until the target temperature of 15 8C was reached. The 100 mg/L hardness culture and toxicity test water was prepared in 2 polypropylene tanks (7000-L tanks) by diluting well water of a hardness of approximately 300 mg/L as CaCO 3 with deionized water to a hardness of approximately 100 mg/L as CaCO 3 (alkalinity of approximately 90 mg/L as CaCO3, pH of approximately 8.0, and dissolved organic carbon [DOC] of approximately 0.4 mg C/L), which approximated the water-quality characteristics of the Upper Columbia River inhabited by white sturgeon [13, 17] and total ammonia, 0.18 AE 0.12 mg/L as nitrogen. The sturgeon culture was maintained with a 16:8-h light:dark photoperiod with an average light intensity ranging from 280 lux to 300 lux. Sturgeon started hatching 8 d after fertilization and continued for a period of 4 d. The date of hatch was established as the day when more than 50% of the eggs hatched (11 d postfertilization). The yolk sac larvae were then transferred to a 1850-L flow-through fiberglass tank for holding until testing. Larvae were fed 1-d-old brine shrimp (Artemia sp.) nauplii (Brine Shrimp Direct) starting 1 wk before the start of exogenous feeding. At 18 d posthatch (dph), they were transitioned to chopped and then whole live oligochaetes (Lumbriculus variegatus; California blackworm). Once larval sturgeon were feeding actively, BioDiet Starter #2 (Bio-Oregon) a semi-moist commercial food, also was provided every 3 h using an automated feeder.
More than 50% of the white sturgeon eggs were nonviable (received as non-fertilized eggs). Elevated mortality (17%) of larvae was observed during the transition phase to exogenous feeding, which was not unexpected because this is a critical developmental stage. As a precautionary measure to ensure adequate numbers of individuals for testing, a second batch of 2100 larval white sturgeon (24 dph) were obtained from Washington Department of Fish and Wildlife Program (Columbia Basin Hatchery). These larval white sturgeon were cohorts from the same adult crosses that previously were received as eggs and thus were of the same age and parentage. The second batch of white sturgeon was acclimated to culture conditions for at least 13 d before use in acute exposures. A sideby-side comparison of cohort sensitivity to acute copper exposure proved comparable 50% lethal concentration (LC50) and 50% effect concentration (EC50) estimates, indicating the 2 groups of sturgeon were similar in their sensitivity to copper [15] .
The rainbow trout (Erwin/Arlee strain) were obtained from the US Fish and Wildlife Service, Ennis National Fish Hatchery (Ennis, MT). Approximately 10 000 trout eggs were received as eyed eggs and held in incubators at 12 8C in flowing well water at a hardness of 300 mg/L, then slowly transitioned to 100 mg/L hardness water for 48 h. Approximately 4% of the eggs did not hatch. Yolk sac larvae (17 dph) were then transferred out of the incubators into 500-L flow-through tanks immediately before yolk sac depletion and swim-up, where the trout were maintained at 12 8C under water and lighting conditions similar to those of the sturgeon cultures. Trout at exogenous feeding (20 dph) were fed 1-d-old brine shrimp (Artemia sp.) nauplii (Brine Shrimp Direct), transitioning to trout chow (Otohime B1-C1) and flake food (Worldwide Aquatics) as the larval trout developed.
Toxicity testing
Each metal exposure was performed using a modified Mount and Brungs [18] diluter following guidelines outlined by the ASTM International [19] [20] [21] . The water used in testing was targeted for a hardness of 100 mg/L and DOC of 0.4 mg/L for comparability with earlier testing at the CERC laboratory [11] and approximated the water-quality characteristics of the Upper Columbia River inhabited by white sturgeon. Sturgeon tests were performed at 15 8C and trout tests at 12 8C. Three intermittent flow-through proportional diluters were used (1 for each metal) and provided a control and 5 concentrations of cadmium, copper, or zinc through 50% serial dilutions. The toxicants were delivered to the diluters using a Hamilton 1 syringe pump (Hamilton Company). In rounds 1 through 3 for the 3 youngest life stages, 4 glass replicate chambers were held in a temperature-controlled water bath (152.5 cm Â 84 cm Â 35.5 cm). An in-line 4-way flow splitter was attached to each delivery line to partition the water flow to each of 4 replicate chambers in the water bath. A photograph depicting the diluter and 4-way splitter setup is provided in Supplemental Data, Figure S1 . Each test chamber (12 Â 21.5-cm jar) had a hole (4-cm diameter) in the side covered with 30 mesh (0.5-mm opening) stainless steel screen containing 1 L of water. Test solution flowed directly into test chambers, and excess water overflowed to surrounding aquaria through the screen windows, so there was no exchange of test water among replicates.
The diluter provided approximately 250 mL of water to each chamber every 30 min (resulting in 12 volume additions per day to each replicate test chamber). There was a similar setup in round 4, except larger test chambers (15 Â 25.5-cm jar with a mesh covered hole cut in the side so the jar, which held 2 L of water) were used to maintain acceptable loading rates of sturgeon or trout. The diluter provided 250 mL of water to each chamber every 30 min (6 volume additions per day). In rounds 5 and 6, 4 glass replicate chambers were held in each of 6 rectangular 40-L glass aquaria in a temperature-controlled water bath. Each test chamber (28 cm Â 13.5 cm Â 25 cm) had a hole (4-cm diameter) in the side covered with 30 mesh (0.5-mm opening) stainless steel screen and contained 7 L of water. In rounds 5 and 6, the diluter also provided 250 mL of water to each chamber every 30 min (resulting in 2 volume additions per day). The same design was used for round 7, except that there were 4 replicate chambers in each of 12 40-L aquaria with a total of 8 replicate chambers for each metal concentration. Test conditions for performing the acute toxicity tests were adjusted by increasing or decreasing metal concentrations, increasing water turnover rate, decreasing the number of fish per replicate chamber, or increasing the number of replicates according to life stage. The number of fish, number of replicates, and mass of fish in each exposure chamber were established in accordance with guidance provided in ASTM International [21] . The fish loading rate in test chambers did not exceed the ASTM International [19] guidelines of 1 g/L of solution passing through a chamber each day at the end of the exposures and did not exceed 10 g/L in the chamber at any time (at less than 17 8C). Moreover, waterquality conditions, measured metal concentrations, and ammonia concentrations were not affected by various loading densities throughout the exposures.
Metal salts were obtained from Sigma-Aldrich. A stock solution of each metal (copper II sulfate pentahydrate, CuSO 4 Á5H 2 O; cadmium chloride hemi-pentahydrate, CdCl 2 Á2 1 /2 H 2 O; and zinc chloride, ZnCl 2 ) was prepared by adding the American Chemical Society reagent grade (>98% purity) metals to deionized water. Test stock solutions were prepared 2 d before the start of exposures in volumetric flasks and wrapped with aluminum foil to reduce exposure to ambient light. Stock solutions were then delivered to the diluters using a Hamilton Syringe Dispenser (MicroLab 1 600 Series; Hamilton Company) and the diluters and test chemicals cycled for at least 2 d before starting the exposures. Fish were not fed 24 h before and during the acute exposures.
Water quality
Water temperature was monitored daily in select exposure chambers within each diluter at the control, low, medium, and high treatments. Water quality (dissolved oxygen, pH, conductivity, hardness, alkalinity, ammonia) was measured from a select replicate for each metal in the control, low, medium, and high concentrations on test day 0 and on test day 4 following standard methods [22] .
Chemical analysis
A 20-mL filtered sample was collected for metal analyses from 1 random replicate chamber for each treatment on test day 0 (just before adding test organisms) and on test day 4 at the end of the exposures. One filtration blank (obtained using high-purity deionized water) was processed with each set of samples. In addition, a duplicate sample was collected from the medium treatment, and unfiltered samples were collected from a control and a medium treatment. The unfiltered control sample was collected to check for filter contamination specifically with a test water sample, whereas the unfiltered medium treatment was sampled to check for the presence of colloidal precipitates (>0.45 mm) that might be present as a result of the high exposure concentrations for some of the toxicity tests. Each sample was acidified to 1% v/v with high-purity, 16M nitric acid and stored for up to 3 mo before analysis was done by inductively coupled plasma mass spectrometry (USEPA method 6020a, ICP-MS [23] ).
Samples obtained for major cation (calcium, magnesium, sodium and strontium) and major anion (fluoride, chloride, nitrite, nitrate, and sulfate) analyses were collected, filtered, and preserved on test day 2 of the exposures in the same manner as those samples collected for metals. For the white sturgeon toxicity tests, 1 random replicate from the control and 1 random replicate from the medium treatment of each metal tested were sampled, whereas for rainbow trout toxicity tests, samples were collected only from the control and medium treatments of the Cu exposure. One filtration blank (obtained using high-purity deionized water) was processed with each set of samples. Analysis was done by inductively coupled plasma atomic emission spectroscopy (ICPAES) according to USEPA method 200.7 [24] by Laboratory and Environmental Testing (LET) Labs.
Samples obtained for DOC analyses were each drawn using an oven-baked (450 8C) glass pipet and collected in a 60-mL, amber glass bottle fitted with a Teflon 1 -lined cap. Sample bottles were rinsed and then filled with high-purity deionized water to prevent potential airborne contamination until use. Filtration blanks were processed with each set of samples using commercially available total organic carbon (TOC) free water (<0.05 mg C/L; Ep Scientific Products, Thermo Fisher Scientific). Approximately 20 mL of sample was used to rinse each bottle before collection of a 60 mL sample. Samples were stored at 4 8C for up to 48 h before filtration and preservation to a pH <2 with 0.1 mL 9 molar sulfuric acid (H 2 SO 4) . Filtration was done with a vacuum applied to a 47-mm diameter, 0.45-mm pore size nylon membrane that was mounted on an all-glass filtration support mount. Before each sample filtration, a new membrane was inserted and the membrane and glass support apparatus were rinsed under vacuum with a minimal volume of TOC-free water. Preserved samples were stored at 4 8C for up to 28 d (but more typically 7 to 14 d) before analysis according to USEPA method 415.2 [25] . Filtration of the numerous blanks (TOC-free water) documented that DOC was not leached by the nylon membrane. Further documentation regarding absence of artifacts caused either by sorbtion or by leaching during filtration for either DOC or metals (filtered using PES membranes) can be found in Ingersoll and Mebane [16] .
Data analysis
The mean measured concentrations of each metal were used to calculate 4-d effect concentrations for each species at each life stage. The Toxicity Relationship Analysis Program [26] was used to calculate the LC50 based on mortality and the EC50 based on mortality, loss of equilibrium, and immobilization along with 95% confidence intervals (CIs) for each life stage based on the measured metals concentrations. When LC50 or EC50 concentrations could not be estimated because the data did not meet the specific requirements for the model (insufficient mortality), LC50s or EC50s were reported as less than the highest test concentration when 100% mortality occurred or greater than the lowest test concentration when there was no significant (p > 0.05) difference from the controls. Effect concentrations for 10% and 20% reduction (EC10 and EC20, respectively) for mortality, loss of equilibrium, and immobilization also were estimated using the Toxicity Relationship Analysis Program and are provided in Ingersoll and Mebane [16] . In addition to the LC50s or EC50s, TOXSTAT 1 [27] was used to determine the no-observed-effect concentration (NOEC) and the lowest-observed-effect concentration (LOEC) by analysis of variance with mean comparison made by onetailed Dunnett's test [28] . Steel's Many-One Rank test [28] was used when the data were not distributed normally or had heterogeneous variances. The level of statistical significance was set at p .05. These data are provided in Ingersoll and Mebane [16] .
Water chemistry normalization of effect concentrations and species sensitivity
When comparing toxicity test results among different studies, the data should be normalized to account for differing waterquality characteristics. Similarly, the relationship between water-quality characteristics and toxicity can be used to extrapolate effects concentrations from laboratory test conditions to ambient conditions, such as from the laboratory waters tested in the study to the water-quality characteristics of the Upper Columbia River. For cadmium, this data normalization was done using hardness-toxicity relations described in Mebane [29] . For copper and zinc, biotic ligand models (BLMs) were used to normalize effect concentrations to a common set of water-quality characteristics (USEPA [30] for copper; DeForest and VanGenderen, [31] for zinc). A summary of the water composition and original effects concentrations that were used in the BLM modeling with copper, the modeled critical effects accumulation (CA) values, and resulting effects concentrations extrapolated to a moderately hard BLM standard water are provided in Ingersoll and Mebane [16] .
When evaluating the sensitivity of white sturgeon and rainbow trout relative to other species tested in other waters, effect concentrations were ranked in a species sensitivity distribution for each metal using databases used by the USEPA to derive AWQC. The EC50 concentrations for the most sensitive life stage for white sturgeon and for rainbow trout in the study were then compared with the final acute value to assess sensitivity in relation to the AWQC. When evaluating the protection of the AWQC (that is, criteria to protect against shortterm exposures, also called criterion maximum concentration, or CMC, in USEPA criteria documents) to white sturgeon and rainbow trout, the EC50s obtained in the study were compared with 2 times the CMC. The reason for comparing test values to 2 times the CMC instead of directly to the CMC may not be intuitive, and takes some explanation. In USEPA criteria derivation, 2 times the CMC is the same as the final acute value (FAV). The FAV effectively is an EC50 that represents a hypothetical species with sensitivity equal to the 5th percentile of the species sensitivity distribution (SSD). The SSD, despite the common use of the word species, is calculated from the rank-ordered distribution of all available genus mean acute values [32] . In the criteria development, the FAV is divided by 2 to extrapolate from a concentration that would likely be extremely harmful to sensitive species in short-term exposures (kill 50% of the population) to a concentration expected to kill few, if any, individuals [32] . To maintain a consistent basis for comparison (test EC50s as compared with the EC50 representing the 5th percentile most sensitive species), test EC50s were compared with 2 times the CMC. Acute EC50s were compared with the FAVs used to develop AWQC or the FAVs used to develop the Washington State acute WQS to determine if effect concentrations for white sturgeon and rainbow trout were below the nationally recommended WQC or Washington State WQS.
RESULTS
Water temperature during the exposures was consistently 15 AE 1 8C during the white sturgeon exposures and 12 AE 1 8C during the rainbow trout exposures. Concentrations of ammonia and dissolved oxygen were within acceptable limits throughout all of the exposures for each metal at each life stage for each species [19] [20] [21] . Total ammonia concentration was <0.34 mg nitrogen/L during all exposures for each species, and mean dissolved oxygen concentrations during all metal exposures ranged from 8.5 mg/L to 9.7 mg/L in the sturgeon tests and from 8.7 mg/L to 10.8 mg/L in the trout tests. Conductivity, pH, hardness, and alkalinity remained consistent throughout the duration of the individual tests for the sturgeon and trout exposures. The extensive water quality measurements associated with the exposures are provided in Supplemental Data, Table S1 . The major cation and anion concentrations remained consistent throughout the exposures for all life stages tested for each species (Supplemental Data, Tables S2 and S3 ). The DOC concentration of the test waters in the study was based on an average concentration of 0.4 mg/L.
Chemical analyses for copper, cadmium, and zinc indicated that mean concentrations of each metal typically ranged from 80% to 120% of the nominal concentrations for the acute exposures for each species. The mean metal concentrations were calculated using test day 0 and test day 4 values for each exposure. During round 4 of the white sturgeon exposures and round 5 of the rainbow trout exposures, measured metal concentrations were below 80% of the nominal concentrations on test day 0; therefore, only the test day 4 measured concentrations were used for calculation of the acute effect concentrations for round 4 of the sturgeon exposures and round 5 of the trout exposures. Across all rounds of acute tests, the mean relative percent change between concentrations measured on test day 4 from that of test day 0 for rounds 1 through 5 ranged as follows: for white sturgeon exposures, Cu, þ8% to þ18%; Cd, þ6% to þ28%; Zn, þ15% to þ31%; for rainbow trout exposures, Cu, þ4% to þ17%; Cd, -3% to þ3%; Zn, þ7% to þ12%.
White sturgeon exposures
There was no mortality in the control treatments during the 4-d exposures across each life stage for each metal exposure, except for the exposures started with 16 dph white sturgeon. Sturgeon mortality in the control treatments during exposures started with 16 dph fish was 20% for the cadmium exposure, 35% for the copper exposure, and 30% for the zinc exposure and thus greater than the test acceptability requirement of 10% [33] . Therefore, the LC50 and EC50 for the 16 dph white sturgeon life stage were classified as non-definitive effect concentrations.
Metal toxicity varied across life stages as reflected by the mortality, loss of equilibrium, and immobilization toxicity endpoints ( Figure 1A) . The EC50s proved to be a more sensitive toxicity endpoint where loss of equilibrium and immobilization in addition to mortality were used to estimate effect concentrations ( Figure 1A ; Tables 1-3 ). Of the surviving individuals from each metal exposure, loss of equilibrium or immobilization generally increased with increasing metal concentration by test day 4 ( Figure 2 ). White sturgeon exposed to cadmium exhibited increased sensitivity at later stages of development, with the most sensitive life stage being 72 dph with an EC50 of 5.61 mg Cd/L, whereas the LC50 was estimated to be >149.5 mg Cd/L ( Table 1 ). The percentage of white sturgeon exhibiting the loss of equilibrium and immobilization tended to increase with increasing concentration ( Figure 2 ). The most prevalent consequence of cadmium exposure was immobilization and loss of equilibrium. Immobilization was defined as fish lying without motion on their sides during the 5-min observation and having to be prodded to confirm they were still alive. Loss of equilibrium also was evident as fish swimming on their sides or upside down in the test chambers during 5-min observations (for example, see Supplemental Data, Video S1).
The copper EC50s for white sturgeon at early life stages substantially were different than the copper LC50s based on mortality only (Table 2 ). White sturgeon rapidly lost equilibrium or were immobile, quite often within the first 24 h of exposure. Acute sensitivity of sturgeon and trout to metals Environ Toxicol Chem 33, 2014 Chem 33, 2263 The 2 dph white sturgeon were the most sensitive life stage, with a, EC50 of 2.67 mg Cu/L ( Table 2 ). The toxicity of copper primarily was evident as immobilization and loss of equilibrium among exposed white sturgeon. White sturgeon at later stages of development were less sensitive to copper exposure with EC50s ranging from 21.9 mg Cu/L to 30.8 mg Cu/L for 44 dph to 89 dph sturgeon ( Table 2) . White sturgeon at 2 dph were the most sensitive to zinc exposure, with an EC50 of 146.7 mg Zn/L ( Table 3 ). The percentage of 2 dph white sturgeon exhibiting a loss of equilibrium and immobilization increased with increasing zinc concentration ( Figure 2 ). Other secondary effects consisted of initial hyperactivity of fish transitioning to lethargy (not included in the EC50 estimates) by the end of the exposure period. Physical abnormalities such as bloated abdomens were also observed at later life stages (61-89 dph) during exposure to concentrations of zinc greater than 500 mg Zn/L and therefore may have affected loss of equilibrium causing fish to swim upside down, or on their sides (see Supplemental Data, Video S2).
Rainbow trout exposures
There was no mortality in the control treatments during the 4-d exposures across each life stage tested for each metal. Loss of equilibrium and immobilization were not observed in rainbow trout during exposure to cadmium across all life stages, except at 60 dph; however, there were no substantial differences between the EC50s and LC50s, and therefore the reported effect 
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Environ Toxicol Chem 33, 2014 R.D. Calfee et al. For BLM-normalized EC50s, the BLM was used to extrapolate the actual EC50s to those expected for the "BLM-standard" water conditions, which is a moderately hard water, with pH of 7.5 and 0.5 mg/L dissolved organic carbon, following the approach used by the USEPA [30] . Acute sensitivity of sturgeon and trout to metals Environ Toxicol Chem 33, 2014 Chem 33, 2265 concentrations at each life stage were LC50s based only on mortality. The sensitivity of rainbow trout to cadmium was consistent with LC50s ranging from 2.77 mg/L to 4.83 mg/L across the 6 life stages tested (Table 1) ; 46 dph rainbow trout were the most sensitive life stage, with an LC50 of 2.77 mg Cd/L. Rainbow trout at 1 dph were less sensitive to cadmium, with an LC50 greater than 49.4 mg Cd/L ( Table 1) . Rainbow trout sensitivity to copper increased with later stages of development (Table 2 ). Effect concentrations for each life stage were based on mortality only and reported as LC50s, given that trout generally did not exhibit loss of equilibrium or immobilization in the copper exposures. From 1 dph to 74 dph, the sensitivity of rainbow trout to copper was consistent with LC50s ranging from 42.4 mg Cu/L to 62.9 mg Cu/L ( Table 2) . Rainbow trout at 95 dph were the most sensitive life stage, with an LC50 of 19.1 mg Cu/L ( Table 2 ). Rainbow trout exhibited some loss of equilibrium at 46 dph and 60 dph during exposure to copper within a concentration range of 13 mg Cu/L to 50 mg Cu/L; however, the effects were minimal or non-existent, with no substantial difference between the EC50 and LC50 at those life stages ( Figure 1B ; Table 2 ).
The sensitivity of rainbow trout to zinc was relatively consistent across life stages tested. Effect concentrations for each life stage were based on mortality only and reported as LC50s. From 18 dph to 95 dph, LC50s ranged from 228 mg Zn/L to 449 mg Zn/L ( Table 3) . Rainbow trout at 1 dph were less sensitive, with an LC50 greater than 571 mg Zn/L ( Table 3 ). Loss of equilibrium was observed at the 46 dph and 60 dph stages of development for zinc within a concentration range of 220 mg Zn/ L to 350 mg Zn/L; however, the effects were minimal or nonexistent with no substantial difference between the EC50 and LC50 at those life stages ( Figure 1B and Table 3 ). Other effects of zinc on rainbow trout at 46 and 60 dph were increased respiration and immobilization; however, effects on respiration were a secondary observation and were not included in the calculation of the EC50.
DISCUSSION
Effect of the developmental stage on acute sensitivity to metals
Acute sensitivity thresholds to cadmium, copper, and zinc were determined across 7 early life stages of development for white sturgeon and rainbow trout, and were compared between species at each life stage to determine the feasibility of using rainbow trout as a surrogate test species for white sturgeon. White sturgeon sensitivity to metal exposure varied with life stage, with the early life stages being more vulnerable, specifically to copper. During the toxicity tests and those reported by Little et al. [11] , it became apparent that white sturgeon were severely impaired at concentrations that were not lethal. These impaired responses would result in death in the natural environment for white sturgeon and are referred to as being "ecologically dead" [34] . Thus, EC50s were calculated based on mortality, immobilization, and loss of equilibrium, in addition to LC50s based on mortality only during the exposures. In some cases, particularly for white sturgeon copper exposures at the very early life stages, the inclusion of sublethal endpoints of immobilization and loss of equilibrium along with mortality in the determination of an EC50 proved to be considerably lower than just the LC50s based on mortality only. ASTM International [19] states "Death is the adverse effect most often used for the calculation of results of an acute toxicity test. … In order to account for the total severe acute adverse of the test material on test organisms, it is desirable to calculate an EC50 based on death plus immobilization, plus loss of equilibrium". Our defined EC50s better reflect the total severe effect of the test material on white sturgeon than do LC50s or narrowly defined EC50s.
In 3 of the 7 life stages tested (2, 16, and 30 dph), white sturgeon were sensitive to copper exposure with EC50s ranging from 2.67 to 6.31 mg Cu/L compared with other life stages of sturgeon tested (the 16 dph EC50s for sturgeon were classified as non-definitive effect concentrations). Older (72 dph and 89 dph) sturgeon were relatively insensitive to copper at concentrations as great as 30 times higher than the threshold for early life stage white sturgeon. Early life stages of rainbow trout were less sensitive to copper at concentrations 30 times higher than the threshold for early life stages of white sturgeon. However, older life stages (74 dph and 95 dph) of trout were more sensitive to copper than the older life stages of sturgeon. For this reason, rainbow trout would not serve as a useful surrogate species for the protection of white sturgeon from exposure to copper. Body size or developmental stage is an important factor modifying the toxicity of chemicals to aquatic organisms [35, 36] ; however, unifying explanations for differences in response across species remain elusive. Juvenile organisms often are considered more susceptible to substances than adults of the same species. This has been presumed to be related to the greater ratio of body surface area to volume that in turn affects relative uptake and excretion rates, and incomplete development of detoxification mechanisms such as metallothionein [35, 36] . With copper, Grosell et al. [37] demonstrated situations in which smaller animals may be more sensitive than large animals, because these organisms exhibit higher sodium turnover rates. These principles and patterns suggest that smaller organisms also would have higher calcium turnover rates and in turn, smaller organisms would be more sensitive to calcium antagonists such as cadmium, lead, and zinc.
The results of the white sturgeon with copper exposures were consistent with this smaller and more sensitive rule of thumb, as were results of previous studies with other fish such as sculpin (Cottus spp.) and fathead minnow (Pimephales promelas) [38, 39] ; however, for the rainbow trout tests, the older and larger fish tended to be more sensitive ( Table 2 ). This reversal in the general expectation that smaller fish would be more sensitive has been previously reported with rainbow trout as well as other species [40] . At least with some salmonids, within the swim-up life stage, fish may initially lose resistance with increasing size. As the fish get older and larger, this pattern appears to reverse with the fish [41, 42] .
At present, mechanistic explanations for these differing metals sensitivity response patterns with size or early developmental stage of the different fish species are speculative. Juvenile fish undergo marked physiological and morphological changes as the fish metamorphose from larval to juvenile life stages. With white sturgeon, 2 concurrent changes during the early development are the transition from relying on the yolk sac for nourishment to external feeding and the transition from passive gas exchange through the body surface to active gill gas exchange [43] . These changes in osmoregulation and respiration from dermal to gill likely increase oxygen supply to fish organs resulting in stronger swimming behaviors that allow larvae to inhabit changing environments [44] . The transition from passive gas exchange through the body skin to gills in the early development of fish is preceded by a transition from ion regulation through the body skin to the gills [43] . Because the toxicity of cadmium, copper, lead, and zinc are related to ion regulation disruption, the differing patterns of size and sensitivity to at least copper and zinc suggests possible connections with the timing of changes in ion regulation.
Rainbow trout are often considered to be a species that is sensitive to metal exposure and frequently considered as surrogates for developing ambient water-quality values [30, 39] . Because of the differences in sensitivity at the various life stages, rainbow trout would not serve as an appropriate surrogate for threatened or endangered species, such as the white sturgeon. The extent to which differences in tolerance to copper between trout and sturgeon were due solely to the difference in exposure temperatures (12 8C for rainbow trout and 15 8C for sturgeon) is unknown [11] ; however, there is a general trend that metal toxicity increases as temperature increases [45] which could potentially account for differences in sensitivity. However, species sensitivity distributions commonly compare species mean values obtained from acute toxicity tests conducted at different temperatures according to the test species.
Comparison of species sensitivity and species sensitivity distributions
Rainbow trout were more sensitive to cadmium exposure than white sturgeon for all life stages tested. As with white sturgeon, there was an increase in sensitivity with age for rainbow trout during the companion study by Wang et al. [15] , in which acute toxicity was assessed during the first 4 d of the chronic exposure. In Wang et al. [15] , the 1 dph 4-d EC50 was >12 mg Cd/L, whereas the 26 dph 4-d EC50 was 5.14 mg Cd/L, suggesting that older trout become more sensitive to exposure to cadmium. At 46 dph, Rainbow trout in the present study especially were sensitive to cadmium relative to other species and were in the 2nd percentile in a compiled cadmium acute toxicity database for the species sensitivity distribution, with a hardness normalized EC50 of 1.47 mg Cd/L ( Figure 3 and Table 1 ); however, white sturgeon were among the more sensitive of species at 72 dph (19th percentile; Figure 3) , with a hardness normalized EC50 of 3.02 mg Cd/L ( Table 1 ). Based on these results, rainbow trout could serve as a surrogate species for the protection of white sturgeon in acute exposures to cadmium.
White sturgeon were more sensitive than rainbow trout to copper at 2 dph, 16 dph, 30 dph, 44 dph, and 61 dph and less sensitive at 72 dph and 89 dph. The copper effect concentrations for older life stages of sturgeon were up to 30 times higher than the threshold for the earlier life stages of sturgeon. The effect was opposite for rainbow trout. Early life stages of rainbow trout (1-74 dph) were less sensitive to copper at concentrations as much as 30 times higher than the threshold for early life stage white sturgeon, and older life stages of rainbow trout (74 dph and 95 dph) were more sensitive to copper than the older life stage of white sturgeon. The 2 dph life stage for white sturgeon was the most sensitive life stage tested in the present study and ranked at the 3rd percentile in a compiled copper acute toxicity database for species sensitivity distribution, making it the most sensitive species with a BLM-normalized EC50 of 1.51 mg Cu/L (Figure 4 and Table 2 ). Based on these findings, rainbow trout would not serve as a good surrogate species for protecting white sturgeon from acute copper exposure.
Much like cadmium, zinc toxicity varied by life stage for white sturgeon and was somewhat consistent for rainbow trout across all life stages, except for 1 dph rainbow trout, which were less sensitive compared with the other 6 life stages of rainbow trout tested or compared with 2 dph white sturgeon (Table 3 ). In Wang et al. [15] , the 1 dph 4-d EC50 for rainbow trout at the start of the chronic exposures was >748 mg Zn/L, whereas at the 26 dph 4-d EC50 for rainbow trout at the start of the chronic exposures was 267 mg Zn/L, suggesting that older rainbow trout become more sensitive to exposure to zinc. White sturgeon and rainbow trout were ranked as highly sensitive in the species sensitivity distribution for zinc when compared with other species (Figure 5 ). White sturgeon at 2 dph were extremely sensitive to exposure to zinc, with a BLM-normalized EC50 of 209 mg Zn/L, ranked at the 1st percentile in a compiled zinc acute toxicity database for the species sensitivity distribution ( Table 3 and Figure 5 ), and were more sensitive than rainbow trout at 1 dph (>726 mg Zn/L), whereas rankings rose to the 35th percentile ( Figure 5 ) for the older life stages of white sturgeon. Rainbow trout at 95 dph were the most sensitive life stage to zinc in the present study and ranked at the 4th percentile of the species sensitivity distribution (Table 3 and Figure 5 ) with a BLM-normalized EC50 of 254 mg Zn/L.
Comparison with other acute metal toxicity studies performed with white sturgeon
Evaluation of the toxicity of metals to aquatic organisms requires consideration of site-specific water quality variables (water hardness, pH, DOC, temperature, major anions, major cations) that can alter the availability and toxicity of metals, including copper and zinc [30, 46] . For instance, Entrix and University of Saskatchewan [47] performed a series of 4-d exposures with 8 dph to 10 dph white sturgeon using Columbia River water and laboratory water (dechlorinated City of Saskatoon water) adjusted to a hardness of 75 mg/L mixed with reverse osmosis water. The 4-d LC50s for copper, cadmium, and zinc varied between water type (river water vs laboratory water [47] ). The LC50s for the cadmium and zinc exposures performed in river water were much lower than the LC50s generated for laboratory water, whereas the opposite was reported for the copper exposures with an LC50 of 44 mg Cu/L for river water compared with an LC50 of 30 mg Cu/L for laboratory water suggesting differences in water quality variables can alter the toxicity of metals. Unfortunately, DOC was not reported in the Columbia River water used during testing [47] .
Toxicity values for metals vary among studies because of water-quality characteristics of the exposures conditions. Certain variables, such as water hardness and DOC, have predictable effects on the bioavailability of metals and thus can be used to normalize toxicity for different exposure conditions. When comparing acute toxicity data from other studies with toxicity data in the present study, the data from all the studies were recalculated and normalized using the BLM [30] based on ASTM International standard water with hardness value of 85 mg/L and DOC concentration of 0.5 mg/L for comparability, specifically for copper exposures.
Vardy et al. [12] tested life stages of white sturgeon similar to the present study and the results were comparable (Table 4) . White sturgeon at 15 dph had a BLM-normalized 4-d LC50 of Figure 3 . Ranks of various white sturgeon (Acipenser transmontanus) and rainbow trout (Oncorhynchus mykiss) life stages in species sensitivity distribution from an updated cadmium hardness-toxicity regression and effects database [29] . Values are normalized to a water hardness of 100 mg/L for comparability with US Environmental Protection Agency (USEPA) criteria [51, 52] . AWQC ¼ acute water-quality criteria; FAV ¼ final acute value; dph ¼ days posthatch. Figure 4 . Ranks of various white sturgeon (Acipenser transmontanus) and rainbow trout (Oncorhynchus mykiss) life stages in species sensitivity distribution from US Environmental Protection Agency (USEPA) database for copper [30] . Values are normalized to a moderately hard water composition with water hardness of 85 mg/L and dissolved organic carbon of 0.5 mg/L for comparability with USEPA values [30] . Asterisk denotes that the control survival was less than 90% during this life stage exposure and the result should be interpreted with caution because of low control survival. AWQC ¼ acute water-quality criteria; FAV ¼ final acute value; dph ¼ days posthatch. Figure 5 . Ranks of various white sturgeon (Acipenser transmontanus) and rainbow trout (Oncorhynchus mykiss) life stages in species sensitivity distribution from updated databases for zinc [31] . Values are normalized to a moderately hard water composition with water hardness of 85 mg/L and dissolved organic carbon of 0.5 mg/L for comparability with DeForest and Van Genderen [31] . US Environmental Protection Agency (USEPA) aquatic life criteria for zinc are the bases of the currently recommended USEPA criteria and Washington State Department of Ecology [50] water quality standards, respectively. AWQC ¼ acute water-quality criteria; FAV ¼ final acute value; dph ¼ days posthatch.
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mg Cu/L [12] , compared with the non-definitive BLMnormalized LC50 of 4.4 mg Cu/L for 16 dph white sturgeon in the present study. The lowest copper effect concentration reported by Vardy et al. [12] was BLM-normalized 4-d LC50 of 2.4 mg Cu/L for 40 dph white sturgeon, whereas the most sensitive life stage in the present study was 2 dph white sturgeon with a BLM-normalized 4-d EC50 of 1.51 mg Cu/L (Tables 2  and 4 ). Although the most sensitive life stage observed in Vardy et al. [12] for copper was white sturgeon at 40 dph, white sturgeon at 2 dph were more sensitive in the present study. The differences in sensitivity could be because of the different white sturgeon populations that were tested. We also cannot discount the possibility that copper may have not equilibrated with DOC in test exposure water. Notably, copper delivered by our test system to individual test treatments experienced relatively short equilibration times with DOC in the test water, which might have had an effect on the observed LC50s and EC50s [48, 49] . However, because the DOC concentration of our waters was quite low, we do not believe that increasing the equilibration time would have significantly affected these LC50 and EC50 values. Moreover, early life stages of white sturgeon in the age range of 2 dph to 40 dph proved to be sensitive to aqueous copper exposure in both the present study and Vardy et al. [12] . Little et al. [11] also determined that endangered Kootenai white sturgeon at 38 dph were sensitive to copper exposure, with a BLM-normalized 4-d LC50 of 2.3 mg/L, which is similar to the USEPA AWQC for copper of 2.3 mg/L [30] . The BLM-normalized LC50 for previously tested Columbia River white sturgeon at 26 dph was comparable at 2.2 mg/L [11] , indicating that white sturgeon in the age range of 2 dph to 40 dph had copper sensitivity thresholds below the USEPA [30] BLMbased AWQC for copper of 2.3 mg/L. Loss of equilibrium or immobilization was observed but not an endpoint reported by Little et al. [11] ; however, sensitivity based on mortality only (LC50) indicated that the endangered Kootenai white sturgeon are more sensitive to copper during the early life stages. The 4-d EC50 (8.06 mg Cu/L) for 2 dph white sturgeon obtained from the companion chronic exposure [15] was substantially lower than the 4-d LC50 (>23.6 mg Cu/L) generated for the acute exposure during round 1, in which 2 dph white sturgeon were tested; when immobilization was included in the calculation of a 4-d EC50 for the chronic study, however, sensitivity of 2 dph white sturgeon at the start of the chronic copper exposures was more comparable to the acute exposure round 1 (Wang et al. [15] 4-d EC50 of 5.29 mg Cu/L compared with a 4-d EC50 of 2.7 mg Cu/L for the present study). Interestingly, when the LC50s reported by Vardy et al. [12] and Little et al. [11] are BLM-normalized to moderately hard water with water hardness of 85 mg/L and DOC of 0.5 mg/L [30] , the LC50s are similar to EC50s in the acute and chronic [15] parts of the present study, with BLM-normalized LC50s ranging from 2.4 mg Cu/L to 16.1 mg Cu/L for sturgeon at 8 dph to 100 dph (Table 4 ). Acute sensitivity of sturgeon and trout to metals Environ Toxicol Chem 33, 2014 White sturgeon at 2 dph were the most sensitive life stage tested relative to the sensitivity to copper of other species (3rd percentile in a compiled toxicity database; Figure 4 ), even when compared with other sturgeon species that were tested at older life stages [14] . Rainbow trout at 95 dph, in contrast, were ranked at the 30th percentile in sensitivity to copper. This finding is consistent with those obtained in Wang et al. [15] chronic exposures in which acute sensitivity was examined in the first 4 d of a 53-d exposure initiated with 2 dph sturgeon.
An important caution when interpreting the ranked sensitivity of copper BLM-normalized tests is that uncertainties in DOC concentrations could lead to different interpretations of relative species sensitivity. Individual measurements of DOC in test chambers, as analyzed by Huffman Laboratory, ranged from 0.3 mg/L to 0.5 mg/L, and so the average DOC in test exposures was 0.4 mg/L. This value was used in the extrapolations of measured test values to what those values might have been if tested in standardized moderately hard water with 0.5 mg/L DOC (BLM normalization, Table 4 ).
White sturgeon were less sensitive to cadmium exposure during the early life stages and tended to become more sensitive with the older life stages. This is consistent with what was documented in Wang et al. [15] during the first 4 d of the second phase of the chronic exposure, in which the sturgeon 4-d EC50 for cadmium at 27 dph was >11.0 mg Cd/L; the 4-d EC50 for 30 dph sturgeon was 102.7 mg Cd/L in the present study (Table 1) . This result could possibly be because of the size differences at each life stage. The most sensitive life stage for white sturgeon in the present study was at 72 dph, with a hardness-adjusted EC50 of 3.02 mg Cd/L (Table 1) , ranking in the species sensitivity distribution at the 19th percentile in a compiled cadmium toxicity database (Figure 3 ).
Zinc toxicity varied by life stage for white sturgeon. The reported EC50s in Table 3 were normalized to a compiled BLM toxicity database for zinc [31] and tended to be more conservative, sometimes 37% more conservative, for white sturgeon. White sturgeon at 2 dph of development were most vulnerable to zinc toxicity, with a BLM-normalized EC50 of 209 mg/L ( Table 3 ). In Wang et al. [15] , zinc toxicity at the start of the chronic exposures was consistent for white sturgeon at 2 dph (4-d EC50 > 369 mg Zn/L) and 27 dph (4-d EC50 > 395 mg Zn/L); however, the chronic exposure concentrations were quite lower than the concentrations used during the acute exposures.
Comparisons of effect and criteria concentrations
The median Upper Columbia River water quality characteristics for a given copper concentration indicates copper would be approximately 2.5-fold less toxic in the Upper Columbia River water compared with CERC laboratory water, using a BLM to compare the relative toxicities of copper [30] . Zinc would be approximately 1.3-fold less toxic in the Upper Columbia River water compared with CERC laboratory water, using the BLM of DeForest and VanGenderen [31] to compare the relative toxicities of zinc. For cadmium, BLMs are less developed than for copper or zinc. A given concentration of cadmium was estimated to be approximately 1.5-fold more toxic in the Upper Columbia River than in the CERC laboratory water, using hardness-toxicity relations [29] . Thus, absolute effect concentrations from the tests in the present study should not be extrapolated directly to Upper Columbia River conditions; instead, these effect concentrations for test water in the present study were compared with the BLM or hardness-dependent USEPA AWQC and to the Washington State WQS [50] , calculated for test water conditions. Effect concentrations for cadmium based on water hardness varied among life stage for white sturgeon ( Table 1 ). The most sensitive life stage for white sturgeon was at 72 dph, with an EC50 of 5.6 mg/L. This value is greater than the USEPA [51] FAV of 4.0 mg Cd/L, calculated for the test hardness of 100 mg/ L. In contrast, 4 of the 7 rainbow trout life stages tested resulted in cadmium EC50s that were lower than the USEPA [51] FAV values calculated for the hardness of each test. The cadmium hardness adjusted EC50 for 72 dph white sturgeon (3.02 mg/L) was below the USEPA [52] AWQC for cadmium (FAV of 4.0 mg Cd/L) and below the Washington State WQS (7.4 mg/L) for acute toxicity of cadmium; however, rainbow trout at 18, 46, 60, and 95 dph all had cadmium EC50s below the AWQC and all life stages with the exception of 1 dph fell below the state of Washington State WQS for the acute toxicity of cadmium.
The Cu EC50s for white sturgeon at 2 dph and 30 dph were lower than the USEPA [30] BLM-based FAV concentrations calculated for test conditions, as was the EC50 for white sturgeon at 16 dph, although the EC50 for 16 dph white sturgeon was classified as a non-definitive effect concentration because control survival in that test was less than 90% ( Table 2 ). The EC50s for these developmental stages ranged from 2.7 mg Cu/L to 6.3 mg Cu/L compared, with the BLM-based FAV values of 7.0 mg Cu/L to 7.9 mg Cu/L for the test conditions. In contrast, the USEPA [53] hardness-based FAVs were much higher than test EC50 (FAVs approximately 36 mg Cu/L, compared with EC50s ranging from 2.7 mg Cu/L to 6.3 mg Cu/L). The rainbow trout EC50 at 95 dph was lower than the USEPA [53] hardnessbased FAV that was used to define the Washington State WQS for acute Cu exposures. In turn, the rainbow trout copper EC50s at all life stages tested ( Table 2 ) were all greater than the USEPA [30] BLM-based FAV concentrations calculated for test conditions.
The Zn EC50s for the most sensitive life stage of white sturgeon was at 2 dph with an EC50 of 146.7 mg Zn/L ( Table 3 ). The USEPA [54] zinc FAV is higher, 204 mg Zn/L for the test water hardness of 100 mg/L. The rainbow trout EC50s at all life stages tested (Table 3) were also greater than the USEPA [54] hardness-based FAV (204 mg Zn/L).
CONCLUSIONS
White sturgeon were more sensitive to copper than rainbow trout for 5 of the 7 life stages tested. White sturgeon at 2 dph, 16 dph, and 30 dph were highly sensitive to copper, whereas older life stages were less sensitive. For this reason, rainbow trout would not be a good surrogate for protectiveness of white sturgeon. Early life stage white sturgeon specifically at 2 dph were highly sensitive to zinc and the 2 dph life stage of white sturgeon was the only life stage that was more sensitive than rainbow trout at any life stage tested. White sturgeon tended to become more sensitive to cadmium in older life stages; however, when compared with rainbow trout, white sturgeon were considerably less sensitive. Immobilization and loss of equilibrium were affected by metal exposure, particularly for copper and zinc. The USEPA AWQC would be protective of rainbow trout from exposure to copper, and zinc; for cadmium, however, the AWQC and Washington State WQS would not necessarily be protective of early life stages of rainbow trout. For early life stage white sturgeon, the AWQC may not adequately be protective from exposure to copper or zinc but would be protective from cadmium exposures at all life stages. The Washington State WQS would also be protective of white sturgeon exposed to cadmium except for the 72 dph life stage.
For copper and zinc, however, the Washington State WQS would not necessarily protect the early life stages of white sturgeon from acute exposure.
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